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1. Int roduct ion 
Carboxin (5,6.di laydro-2-methyl- I  ,4-oxathin-3- 
carboxani l ide),  a systemic fungicide, has been shown 
to be a potent  inhibitor o f  succinate metabol ism in 
fungi (e.g., Ustilago maydis and Rhizoctonia  solani 
[1,2] ). I t  is also a powerfu l  irdtibitor o f  beef  heart  
succinate dehydrogenase (SDH),  apparent ly  inter- 
feting with the funct ion o f  an iron--sulphur group in 
the enzyme [3] .  
Studies with whole yeast cells suggest [4] that 
carboxin is an inhibitor o f  the alternate (cyanide- 
insensitive) oxidase o f  yeast and, by impl icat ion,  o f  
higher plant mitochondr ia .  These authors claimed that 
art i ron--sulphur component  o f  the SDH complex is 
the alternate oxidase. More recent studies with plant 
mitochondr ia  have suggested that SDH is not  per se 
the alternate oxidase, and have impl icated a role for 
ubiquinone,  either as the branch point  o f  the alternate 
path [5] or as the oxidase [6] .  
This communicat ion  reports an investigation o f  
the effects o f  earboxins on higher plant mitochondr ia  
(both CN-resistant and CN-sensitive) and compares 
these effects with those on rat liver mitoehondr ia .  
The results indicate that carboxins are inhibitors o f  
both  the alternate path  and SDH. The plant enzyme 
has a much lower aff inity for the inhibitors than does 
its mammal ian counterpart .  
2. Materials and methods  
Untreated potato  tubers (Solanum tuberosum 
vat. Russet Burbank) were generously provided by 
Professor H. Timm., University o f  California, Dav2~:. 
Sweet potatoes ( Ipomoea batatas) were purchased 
from local markets.  
Mitochondria were isolated f rom while potato  
tubers and sweet potato  roots as described [7] .  Rat 
liver mitochondr ia  were prepared as in [8] and sub- 
mitochondria l  particles as in [6] .  
Oxygen consumpt ion was measured on the oxygen 
electrode as described [7] with 3.3 ml reaction 
medium and 0.2 ml  mitochondr ia  (approx.  2 mg 
protein).  For  plant mitochondr ia   reaction medium 
o f  0.4 M mannitol ,  10 mM TES buffer  (pH 7.2), 5 
mM KH2PO4 and 1 mM MgCi2 was used. The reaction 
medium for rat liver mitochondr ia  consisted o f  0.1 M 
KCI, 0.25 M sucrose, 15 mM KH2PO4, 1 mM EDTA 
and 10 mM MgCI2. When present, the concentrat ions 
o f  ADP and ATPwere  1 mM and 0.2 mM, respectively. 
Other  exper imental  ~onditions are described in the 
figure and table legends. 
Carboxin was a :gift f rom Uniroyal Research 
Laboratory  (Guelpl"t, Ontario).  3~-Phenoxycarboxin 
was a gift f rom Dr G. A. White, Agriculture Canada, 
(London,  Ontario).  Other chemicals were f rom Sigma 
Chemical Co. (St Louis, MO). 
Abbreviations: Carboxin, 5,6-dihydro-2-methyl-l,4-oxathin- 
3-eaxboxanilide; PMS, phenazine methosulphate; SHAM, 
salicyH~yd~-,~xamic cid; SDA, succinate dehydxogenase; TPP, 
thiamine pyrophosphate 
3. Results 
3.1. lnhibitson o f  succinate oxidation 
Figurq~ 1 shows t_hat carboxins are potent  and 
selecti,;e inhibitors o f  succinate oxidat ion by  rat liver 
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Fig. 1. Effect of carboxins on rat liver mitochondria. Oxygen 
uptake was Measured as described in section 2. The reaction 
mixture  conta ined  10 MM succ inate  or  10 mM malate  + 10 
mM g lu tamate ,  t mM ADP and  0.2 mM ATP  in 3.3 ml  
stand,~rd eaction medium. (c---o) Carboxin; (o- -®) 
3" Phenoxy-ca_~boxin. 
m~te~hondf ia .  3" -Phenoxy-carbox in  is more  effect ive 
than carbox~zi w i th  succinate as substrate  (K i values 
0.7 pM and 6/aM,  respect ive ly) .  Ne i ther  inh ib i to r  has 
much effect on malate  ox idat ion  in the presence o f  
g lutamate.  "fhese effects are s imi lar to  those observed 
wi th  beef  heart  submi tochondr ia l  part ic les [3] and 
wi th  Micrococctts denitrificans [9 ] .  
S imi lar  t rends were observed with cyanide-sensi t ive 
white potato  mi tochondr ia  (f ig.2),  except  that  ne i ther  
compound was as effective against succinate ox ida-  
t ion as  in_ ra t  l i ver .  The  K i apparent  fo r  phenoxy-  
carbox in  is 80/aM while K i apparent  for  carbox in  is 
200/aM.  Other  p lant  mi tochondr ia  ox id iz ing succinate 
show roughly the same sensit iv i ty to carbox in  
[ i0 ,11] .  D is rupt ion  and f ract ionat ion  o f  potato  mi to -  
chondr ia  does l i tt le to increase their  sensi t iv i ty  to 
carbo:::  ( tab le  i : succinate x idase act iv i ty  o f  sub- 
mi tochondr ia l  part ic les is inh ib i ted  68% by  500/~M 
carbox in ) ,  sho ;vLng  that  ~_naccess ib i l i ty  o SDH is  not  
responsib le  foz the low inh ib i t ions .  Succ inate ox ida-  
t ion may be l imked to oxygen consumpt ion  through 
me dye PMS, thus by-passing the e lec t ron  t ranspor t  
Fig.2. Effect of caxboxins on white potato mitochondria. 
Experimental conditions age described in rigA. (o - -o )  
Carboxin; (e - -®)  Phenoxy-carboxha. 
chain.  PMS- -med ia ted  succ inate ox idat ion  by  beef  
hear t  mi tochondr ia  is tess  sens i t i ve  to  carboxha  than  
is succinate ox idase,  and it has been suggested that  
this is due to PMS accept ing  e lect rons  f rom two 
separate sites on the SDH complex ,  one pr io r  to the 
carboxin-sensit ive site [12] _ The same seems to be 
true o f  the p lant  sys tem,  since PMS-mediated  succinate 
ox idat ion  is inh ib i ted  on ly  20% (table 1). I t  thus 
seems that carboxha b inds  to potato  SDH at the same 
site as on the mammal ian  enzyme.  However ,  t l le aff in-  
Table 1 
Effect of  carboxin on succinate oxidation by potato 
submitochondrial particles 
C~boxin Succinate oxidase Succmate- 
(uM) (nmol OJmin)  PMS oxidase 
0 104 158 
250 41 135 
500 34 122 
Oxygen consumpt ion  was measured  as descr ibed  in sect ion  2 
w i th  0.2 mM ATP in  the  react ion  med ium.  Succhzate,  10 raM, 
PMS, 0.1 ram and 0.5 mg protein were used]assay. When 
succinate-PMS activity was measured, 2 tLM antimycin A
was also present o inhibit the cytochrome path 
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ity of  the plant system for the inhibitor is an order o f  
magnitude lower. 
3.2. Inhibition o f  a!ternate o.ridase 
The respiration of  isolated sweet potato rnito- 
chondria, with succinate and with SAD-l inked sub- 
strates,is partially resistant to cyanide [13].  ,~lthough 
tile degc"~e of resistance varies with the season and the 
length of  root storage, typically 40--70% o f  the state 
3 rate of  02 consumption is insensitive to KCN. For 
example, in the experiments shown in fig.3, the state 
3 rate of  succinate oxidation was 155 nmol 02 min-'- 
mg protein -~ while the rate in the presence of  0.5 
rnM KCN was 97 nmol O2 rain-~. When rnalate (plus 
pyruvate) was the substrate, }he rates in the absence 
and presence of  KCN were 97 and 67 nrnol 02 min -x 
mg protein -~ , respectively. 
Substituted hydroxamic acids are selective inhibi- 
tots of  cyanide-resistant respiration [ 15]. In the 
present study, oxygen uptake in the presence of  
salicyl-hydroxarnic a id (SHAM) was considered to be 
mediated by the cytochrome path, whereas that in 
the presence of KCN was presumed to be due to 
alternate path activity (cyanide and SHAM together 
inhibit oxygen consumption completely). Figure 3 
shows the effect o f  3'-phenoxy-carboxin on both 
pathways. Carboxin has similar effects, although con- 
siderably higher concentrations were required to elicit 
the inhibitions hown (data not presented). Phenoxy- 
carbox in  inh ib i t s  succ inate  ox idat ion  in  the  presence  
of KCN and SHAM, respectively, a l thou~ its effect is 
somewhat greater in the presence of KCN. Presumably 
inhibition in the presence of  SHAM represents the 
. . . .  SDH alone. Ma!ate oxidation (with pyruvate et~, t  on  __ 
present) is only slightly inhibited by phenoxy carboxin 
in the presence of  SHAM. That is, phenoxy-carboxin 
does not inhibit malate oxidation via the cytochrorne 
path, as shown also with rat liver and white potato 
mitochondria (r iga ,2). On the other hand, malate 
(+ pyruvate) oxidation via the alternate oxidase is 
inhibited approx. 50% by carboxins (fig.3). 
4. D iscuss ion 
Carboxin is proposed as a selective inhibitor of the 
cyanide resistant path [16]. We favor the suggestion [4] 
(on e~dence which is difficult to evaluate from their 
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Fig.3. Ef fect  o f  phenoxy-carbox in  o sweet-potato mito-  
chondria.  Exper imenta l  condi t ions are as described in fig.1 
except  that 50 #M TPP and i0  mM pyruvate were included 
in the react ion med ium when malate (1 raM) was substrate.  
experiments on intact yeast cells) that carboxin 
inhibits both NDH and the alternate path. Part of  the 
SDH complex is suggested as the alternate oxidase 
[4],  thereby accounting for carboxin's effect on both 
activities. This idea is most unlikely in view of  the 
resu l t s  p resented  he:re, wh ich  show that  cyan ide-  
resistant matate oxidation is sensitive to phenoxy- 
carboxin (fig.3). Furmermore, mungbean mitochon- 
drial particles which have been stripped of  SDH retain 
their resistance to cyanide with other substrates [6], 
showing that SDH is not the alternate oxidase. 
Since carboxins inhibit succinate oxidation by 
cyanide-sensitive white potato mitochondria (fig.2), 
while SHAM does not (data not shown) and since 
carboxins inhibit SAD-linked substrate oxidation in 
the presence of  KCN in sweet potato rnitochondria 
(fig.3), it is probable that there are two distinct sites 
of  action for carboxins in cyanide-resistant plant 
mitochondria. 
The greater inhibition of  succinate oxidation by 
carboxin in the presence of  KCN -- compared with its 
effect in the presence of  SHAM -- could mean that 
the alterr_ate path is more sensitive to carboxin than 
is SDH. However, the effect of  carboxin on malate 
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(+KCN) suggests otherwise. Hence the greater affect 
on succinate +KCN points to two inhibitory sites 
seriatim. This also accounts for the lower K i apparent 
for  phenoxy-carbox_in wi th  succ inate +KCN (23 /aM)  
as compared  both  ~dth succ inate + SHAM,  and 
malate + KCN (85/zM). 
The. lower aff inity o f  plant SDH for carboxJn, 
compared with that f rom animals and fungi, implies 
either that the two enzymes are sh'ucturally different 
or that their environment in the inner membrane  is
different. EPR studies [6,17] also suggest differences 
between animals and plants in the SDH region o f  their 
respiratory; chains. 
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